The emission uniformity of an annular knife-edged cathode in a coaxial diode with a focusing electrode and operating in a low macro electric field has been investigated. It was found that the emission uniformity deteriorated as the cathode width increased from 0.5 mm to 2.0 mm. To improve the emission uniformity, a grooved graphite cathode was prepared by a laser micro-etching treatment. Experimental results demonstrated that the emission threshold for the grooved cathode may be reduced and thus the delay in explosive emission can be decreased. Visual inspection of photographs of the cathode plasmas operating under different guiding magnetic fields (GMFs) was used to confirm improvements in emission uniformity. Even under a low GMF of 0.21 T, good emission uniformity was realized.
I. INTRODUCTION
As high power microwave (HPM) sources have gradually matured for at least four decades [1] - [7] , HPM technology entered widespread civilian and military use. An annular explosive emission cathode (EEC) is widely utilized in the HPM devices to generate an intense relativistic electron beam (IREB). However, under the influence of the space charge screening effect, the electron emission of EECs is intrinsically non-uniform [8] - [11] . Furthermore, the non-uniformity of emission may be detrimental to the generation of HPM radiation.
To increase the interaction efficiency between electron beams and structure waves, the uniformity, especially the azimuthal uniformity of the electron beam should be improved to avoid the excitation of asymmetric modes or mode competition [12] , [13] . This requirement is especially important in HPM devices that are operated with a low guiding magnetic field (GMF). Consequently, great efforts have been made to improve the emission uniformity of EECs [14] - [17] . Moreover, for a cathode with focusing electrodes [18] , [19] , the introduction of the focusing electrodes is The associate editor coordinating the review of this manuscript and approving it for publication was Pu-Kun Liu . propitious to the reduction of the GMF. However, the electric field strength on the cathode surface is also reduced, which results in a longer explosive time delay and non-uniform emission, thus having a deleterious effect on HPM generation [20] . Therefore, it is necessary to study and improve the emission uniformity of the cathode operating in a low electric field and a low GMF. Some annular cathodes, e.g., the carbon fiber needle cathode, are fabricated as an array of needles, thus, the emission threshold is quite low. However, the distribution of the initial emission micro-points is random and non-uniform, consequently, the emission points might be discrete and of relatively large size due to cathode plasma expansion [18] , [21] , [22] , which would result in the azimuthal uniformity of the electron beam. Graphite as a cathode material is widely used in HPM generation and many reports have demonstrated excellent emission characteristics such a very short explosive emission delay time, long lifetime and good emission uniformity [14] , [15] , [23] - [25] . However, for operation of the graphite cathode with a focusing electrode, the emission threshold of graphite is quite high and this is not conducive to achieving good emission uniformity. One way to improve emission uniformity would be to construct a uniform needle, and tip array on the surface of the graphite cathode.
The aim of this study is to improve the emission uniformity of a graphite cathode with focusing electrode. Key parameters investigated included the width of the cathode and the magnitude of the GMF. In addition, the use of a grooved graphite cathode was carefully examined. In section II, a description of the experimental system is given which is followed by the results and discussion section. Finally, the main conclusions are given.
II. EXPERIMENTAL CONFIGURATION
Experiments were performed on the SINUS-881 accelerator which delivers high-voltage pulses with duration of 35 ns. The experimental configuration is shown in FIGURE 1 . During experiments, the base gas pressure was maintained within the range 3-5×10 −3 Pa (The change of gas pressure resulted from the gas release during the cathode emission process.), and a solenoid magnet was used to generate the axial GMF. The cathodes used in experiment were prepared from high strength graphite with density of 1.8 g/cm 3 . The diode voltage and the diode current were measured using a capacitive divider and a Rogowski coil, respectively. The emission uniformity of the cathode was observed by a high speed camera aimed directly at the cathode through a thick lead glass, which was used as a shield to prevent interference from the X-rays generated by impingement of the electron beam on the stainless steel (SS) collector. The time delay of the frames with respect to the beginning of the voltage pulse was 34 ns and the frame duration was 5 ns. The structure of the cathode with focusing electrode is shown in FIGURE 2. The average radii of the annular cathodes r c and anodes r a were 50 mm and 125 mm, respectively. The cathode-anode gap AK was set to 18 mm and the radii of the inner conductor r 1 and the outer conductor r 2 were 47 mm and 53 mm, respectively. In experiments, the diode voltage, defined as the average of the trapezoidal voltage wave, was maintained at about 470 kV.
III. EXPERIMENTAL RESULTS AND DISCUSSION

A. INFLUENCE OF CATHODE WIDTH ON EMISSION CHARACTERISTICS
Three types of graphite cathode with widths of 0.5 mm, 1.0 mm and 2.0 mm were investigated and the configurations are outlined in FIGURE 3 . The knife-edged cathodes all extended about 0.1 mm from the focusing electrode. At the same time, to avoid a large enhancement factor on the cathode edges, the inner and outer edges of the cathode blades were rounded off (about 0.1 mm). The electric field distributions for the three cathodes are illustrated in FIGURE 4. With increase in the cathode width, the electric field strength on the cathode except at the blade edges decreased gradually under the influence of the focusing electrode. In particular, for the 2.0 mm wide cathode, the electric field strength at the center of the blade was quite low. By laser confocal microscope, the macroscopic morphology of a typical graphite cathode blade before experiment was observed, as shown in FIGURE 5 (a). It can be seen that the cathode blade does not have obvious macroscopic defects. The microscopic morphology in the mid-section of the blade is shown in FIGURE 5 (b). It is evident that there are plenty of flaky micro-structures at the micron scale on the cathode surface.
Typical waveforms for the different cathode widths are presented in FIGURE 6. Because the electron emission started VOLUME 8, 2020 slow under the influence of focusing electrode, the peaks of displacement current I p , which originates from the change of electric field, were observed obviously. And I p can be calculated according to
where dU d /dt is the growth rate of the diode voltage and can be calculated from the waveforms of diode voltage. As the diode is actually a coaxial structure, the capacitance of the diode region can be obtained approximately as follows.
Assuming that the length of the coaxial diode L is approximately 250 mm, which is close the experimental situation, the capacitance is
where ε 0 is the vacuum permittivity, r a is as shown in FIGURE 2 and r f with the value of 95 mm is the radius of outer focusing electrode. By theoretical calculation above, the negative peak of I p was about −3.15 kA, which was almost in accordance with the peaks of diode current I d in FIGURE 6 . Additionally, the amplitudes of I d and I f during the flattop of waveform were quite close, which indicated that the cathode emission current was almost collected by the Faraday cup and thus the passing rate of electron beam (defined as the ratio of the collection current I f to the diode current I d during the flattop of current waveform) approached 100%. Therefore, the collection current I f measured by Faraday cup was indeed the cathode emission current. As the cathode emission developed gradually, I f increased correspondingly.
As illustrated in FIGURE 6, when the width increased from 0.5 mm to 1.0 mm, the emission current increased from 3.8 kA to 4.0 kA for the same diode voltage, which is a direct result of increases in the emission area. By comparison, the beam current for the 2.0 mm wide cathode was a little lower, which is a reflection of the lower electric field on the cathode blade.
To study the emission uniformity, targeting tests were first carried out. Given that the bombardment imprint of the electron beam in a low GMF is not particularly clear, a SS target was coated with ink as an aid to visualize the imprint. The SS target, of average radius 50 mm, was located at the gap between the inner and outer conductors, which was a FIGURE 6. Waveforms of graphite cathode for widths of (a) 0.5 mm, (b) 1.0 mm and (c) 2.0 mm. (U d is the diode voltage measured by the capacitive divider, I d is the diode current measured by the Rogowski coil and I f is the collection current measured by the Faraday cup). The GMF was 0.5 T.
distance of 38 mm from the cathode. It can be seen from FIGURE 7 (a) and (b) that the uniformities of emission for the cathodes with widths of 0.5 mm and 1.0 mm are relatively good, especially in the case of the 0.5 mm cathode. By comparison, for the 2.0 mm cathode, as revealed in FIGURE 7 (c), the EEE process seemed to start at the inner and outer edges of the cathode blade and the consequent space-charge screening effect prevented emission from center of the cathode blade. As a consequence, stratification of electron emission occurred, that is, a poorer uniformity was realized.
At the same time, as shown in FIGURE 8 , the photographs of the cathode plasmas, where the positions denoted by the arrows are indicative of shielding by the two support rods between the inner and outer conductors, also indicated that the emission uniformity of the 0.5 mm wide cathode was better than that of the 1.0 mm and 2.0 mm wide cathodes. From consideration of the electric field distributions in FIGURE 4, it can be inferred that the larger the electric field strength, the better is the emission uniformity. Additionally, the use of a relatively wide cathode is not beneficial to improving emission uniformity, which results from the low electric field strength and the screening effect of the current from the blade edges.
B. IMPROVEMENT OF EMISSION UNIFORMITY
The explosive electron emission process depends mainly on the status of the cathode surface hence the surface morphology of the cathode has a profound effect on the emission characteristics of EECs [14] . In the proposed diode structure, with the introduction of the focusing electrode, the electric field on the cathode surface would decrease greatly, which would increase the emission delay and hence have an unfavorable effect on the uniformity of the emission.
For field-induced EECs [26] , the field enhancement factor on the cathode surface is a key factor in the initiation of the field-induced pre-breakdown process, which leads directly to explosive electron emission. The Fowler-Nordheim formula for field-induced emission is
where the values of A and B are 1.54×10 −6 (A·eV·V −2 ) and 6.83×10 7 (eV −3/2 ·V·cm −1 ), respectively. J is the current density with units of V/cm and ϕ is the work function with units of eV. And β is the field enhancement factor. It is clear that the emission threshold E th is influenced by β and ϕ.
Here, E th is the electric field strength as the current density reaches 3×10 8 A/cm 2 , which is necessary and enough to trigger the explosive emission [27] . Obviously, as the micro field enhancement factor increases, E th is reduced. Therefore, to enhance the cathode emission, it is crucial to improve β. Herein, the electric field enhancement on the cathode surface is usually described by the macroscopic field enhancement factor β 1 [28] and the microscopic field enhancement factor β 2 [29] , which are determined by the macroscopic diode structure and the surface microscopic structure, respectively. And then, the field enhancement factor is [15] :
For the proposed diode structure, to improve the cathode emission characteristics, the microscopic field enhancement factor β 2 should be increased. Through laser micro treatment, a modified graphite cathode, the so-called grooved graphite cathode and containing a series of array tips which formed on the surface of the cathode blade was prepared. As shown in FIGURE 9 (a), numerous micron-scale micropoints may be observed on the cathode surface. Moreover, micro-structures in different regions of the blade can be seen in FIGURE 9 (b), (c) and (d). To highlight field enhancement of the tip array, in accord with the size of the micro-points after laser treatment, a 2-dimensional model for the cathode surface morphology was established and is presented in FIGURE 10 . Clearly, the construction of the tip array can enhance β 2 and thus, to some extent, increase the electric field. Different from the needle-shaped cathode of a carbon fiber, the micro-point array of the grooved graphite cathode was fabricated by precise laser etching and thus the size and shape are almost the same, which makes enhancement factors for the two electrodes close to each other. Thus, there may be an improvement in the emission uniformity. Typical waveforms for the graphite cathode and grooved cathode of width 0.5 mm operating under a GMF of 0.5 T are presented in FIGURE 11 . Here, the start time of cathode emission was defined as the time when the beam current measured by the Faraday cup commenced. As shown in FIGURE 11 ((a) and (b) ), the start time of the grooved cathode and graphite cathode were about 6.5 and 8.7 ns, respectively. Correspondingly, the emission threshold for the grooved graphite cathode was reduced by 28 kV/cm compared to that for the graphite cathode. Obviously, the emission threshold has significant influence on the delay time for explosive emission, which is defined as the interval between the loading time of diode voltage and the start time of cathode emission [30] . Here, the delay time of the grooved cathode was decreased by 2.2 ns compared with that of graphite cathode. Therefore, with introduction of the additional microscopic field enhancement factors, the electron emission process of the grooved cathode is apparently expedited and the delay time for explosive emission is reduced, which may improve the emission uniformity [15] .
Based on the targeting results of FIGURE 12 and the photographs of the cathode plasma in FIGURE 13, it can be concluded that the emission uniformity of the grooved graphite cathode was superior to that for the graphite cathode. For grooved graphite cathode, as the initial emission micro-points explode, cathode plasmas initially form at these locations with a high enhancement factor. Subsequently, the discrete cathode plasmas expand gradually and eventually cover the whole cathode surface, which ultimately results in an improved emission uniformity. Compared with the graphite cathode, the emission uniformity of the grooved graphite cathode was significantly improved for the same GMF, as shown in FIGURE 14 . Also, for a decrease in the GMF, the improvement in uniformity for the grooved graphite was quite clear. Even at a GMF as low as 0.21 T, the emission uniformity of the grooved graphite cathode was considered to be very acceptable. Moreover, with GMF of 0.21 T, the passing rate of electron beam could reach 90% under the diode voltage of 470 kV and beam current of 3.8 kA in experiment, which indicates that the overall performance of the device was quite good even at low GMF.
The screening radius r s , the distance at which the electric field becomes zero, can be expressed as [9] :
where D, V and I are the diode gap, the diode voltage and the current of the emission micro-point, respectively. Actually, a typical size for an explosive micro-point will be of the micron-scale order. For such conditions, the corresponding current density would be just above 10 8 A/cm 2 and the emission current would be about 10 A [31] . Consequently, r s would be of the order of several tens to several hundreds of microns. Here, r s is about 50 µm, which is close to the distance between the grooved micro-points. Consequently, the influence of the space charge screening effect is limited to some extent, and thus the influence of the GMF on emission uniformity is not so clear. Additionally, the lifetime of the grooved graphite cathode was also important. The waveforms after 5000 pulses in experiments were presented in FIGURE 15 (a). It was found that the emission delay was larger compared with waveforms of initial experiments in FIGURE 11 (b) . Simultaneously, the surface morphology of the grooved cathode was shown in FIGURE 15 (b) and (c) correspondingly. It was observed that some tips on cathode emission surface were eliminated to some extent. Therefore, the lifetime of the grooved graphite cathode needs to be taken into consideration in the case of extended studies.
IV. CONCLUSION
In summary, the effect of the cathode width, the use of a grooved cathode and the guiding GMF on the emission uniformity in a coaxial diode with a focusing electrode have been examined. For increases in cathode width (0.5 to 1.0 to 2.0 mm), stratification of electron emission gradually occurred such that a width of 0.5 mm was considered appropriate for the proposed diode. The results also demonstrated that the use of a grooved graphite cathode resulted in remarkable increases in the micro-field enhancement factor, which reduced the emission threshold and improved the emission uniformity. Moreover, depending on the magnetic field strength, the emission uniformity of the grooved graphite cathode gave better performance better than that of the graphite cathode, especially in a low GMF.
In future experiments, it is planned to study the lifetime of the grooved graphite cathode. 
